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Dynamic adjustment of ferrite grains during
dynamic strain induced transformation
A. Shokouhi* and P. D. Hodgson
The dynamic adjustment of ferrite grains formed during ‘dynamic strain induced transformation
(DSIT)’ is an important feature of this mechanism that has not been addressed previously. A novel
experimental method was applied to follow the effect of deformation at different stages on ferrite
formed initially through DSIT. It is shown that while the continuous dynamic recrystallisation
(CDRX) appears to be an acceptable mechanism for re-refinement of coarser grain size (i.e.
da.2dDSIT), it cannot explain the steady state grain size for finer ferrite grains (i.e. da,2dDSIT).
Other potential mechanisms involved in this phenomenon are examined.
Keywords: Dynamic strain induced transformation, Ferrite, Dynamic adjustment, Thermomechanical processing, Grain refinement, Transformation
Introduction
Controlled rolling is a common thermomechanical
process that produces grain refinement in the final
microstructure. In this process, deformation applied at a
temperature higher than the Ae3 (the equilibrium
transformation temperature from austenite to ferrite)
accelerates the transformation kinetics from austenite to
ferrite, resulting in a higher nucleation density and
therefore finer final grain size.1 However, the refinement
in this process also known as ‘static strain induced
transformation (SSIT)’ is often limited to a certain size
(,5 mm) (Ref. 2). In a more recent process, ‘dynamic
strain induced transformation (DSIT)’, the deformation
temperature is reduced to near the Ar3, which leads to
simultaneous deformation and transformation.3 This
process has reduced the limit of grain refinement further
to ,1 mm.
Although the origin of grain refinement in both
processes is related to deformation of austenite, two
interesting differences are noticeable between the two
phenomena. The first difference is in the final grain size,
which has been discussed in a different paper.4 The
second difference originates from the fact that in SSIT
the ferrite grains have been formed after deformation
and therefore their near equiaxed appearance is expected
whereas in the DSIT they are formed during deforma-
tion and therefore they are more expected to be
elongated, particularly as some grains can experience
very large strains after formation. However, these grains
not only appear equiaxed in the final microstructure but
also reach a steady state during which their size is
stabilised.5
Most studies of DSIT and its applications focus
on the effect of process variables on generating a
maximum volume fraction of refined ferrite in the final
microstructure and the evolution of these grains during
and after the DSIT have not been considered. Despite
the effort to explain the mechanisms through which the
dynamic grain adjustment in shape and size occurs
during the DSIT, this microstructural process is still
unclear. A major difficulty in designing an appropriate
test to investigate these characteristics is that the
transformation in commercial steels occurs at such a
speed that it is generally not possible to track the
evolution of grains during the simultaneous deformation
and transformation.
In the current study a different experimental approach
has been used to examine the contribution of different
mechanisms in maintaining the shape and size steady
state in ferrite grains formed through DSIT. Considering
the above limitation, the experiments described in the
present study are an attempt to look more closely at the
evolution of ferrite grains once they are formed through
DSIT and during a subsequent deformation. This
approach assists in distinguishing the likely occurrence
of different mechanisms to maintain the near equiaxed
structure.
Experimental
The thermomechanical experiments were conducted
using a hot torsion described elsewhere.6 A plain carbon
(1020) steel with 0?2%C, 0?75%Mn and 0?17%Si (wt-%)
was selected for the present study. To produce an
identical initial microstructure in all samples, they were
first heated to 1200uC where they were held for 180 s for
full austenitisation. They were then cooled to 1100uC at
1 K s21 followed by two roughing passes of e50?3 with
a 20 s interpass time. This reduced the austenite grain
size through static recrystallisation to 60 mm, and
produced a nearly homogeneous initial microstructure.
The samples were then cooled to the deformation
temperature at 1 K s21 and followed the deformation
schedule described in Fig. 1a. The Ae3 temperature for
the C–Mn steel was calculated to be 825uC using the
approach in (Ref. 7). The Ar3 temperature of 750uC was
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experimentally measured using the method described
elsewhere.8
As mentioned earlier the aim of the experiments in the
present study was to produce an initial amount of ferrite
grains through DSIT with different sizes and volume
fractions and to follow their behaviour during further
deformation. In this regard, three different sets of
experiments were used (Table 1).
In the first series (test A), an initial strain of 2 was
applied at 760uC. Then the samples were held for 40 s at
the deformation temperature before the second strain
was applied.
In the second series (test B), the initial deformation
was reduced to a strain of 1 at 760uC, after which the
samples were kept for 5 s at the deformation tempera-
ture. They were then deformed to different second
strains at the same temperature. The aim in these
experiments was to produce a finer initial ferrite grain
size for the second deformation than the previous tests
by allowing less time for growth.
The third series of tests were designed to examine the
DSIT ferrite during cooling. The sample received the
first deformation at either 780uC (test C1) or 760uC (test
C2) and was then cooled to 740uC at 1 K s
21 for the
second deformation. The rationale for this was that
lowering the temperature increases the Zener-Holloman
parameter, which should lead to a different steady state
microstructure (Fig. 1b). The samples were quenched at
different strains within 0?5 s of the end of deformation
to preserve the deformed microstructure.
In all of the above experiments, the strain rate was
1 s21. However, to study the effect of strain rate, some
samples were also deformed to a strain of 2 at 1 s21 at
760uC and held for 40 s after which they received
different strains at strain rates of 0?1 s21 (test D1) and
0?01 s21 (test D2). They were also quenched immediately
at the end of the second deformation.
Common metallography procedures were used to
prepare and study the microstructure in these samples.
Further electron backscatter diffraction (EBSD) studies
were carried out to examine the nature of grain
boundaries and follow the evolution of the microstruc-
ture at different stages. For this a Leo1530 field emission
gun scanning electron microscope (FEGSEM) was used
where the sample was scanned at a working distance of
25 mm at an operating voltage of 20 kV and the post
processing of EBSD data was performed through HKL-
Channel 5 software.
Results
Isothermal double pass deformation
During the first deformation, the volume fraction of
ferrite that formed depended on the applied strain. The
ferrite grains formed after the first deformation were
allowed to grow to different sizes before the second was
applied. In test series A, after a first deformation of 2,
the initial ferrite grains attained an average grain size of
1?69¡0?08 mm with a volume fraction of 0?5¡0?03. By
holding these samples for 40 s at the deformation
temperature, the ferrite grains grew to 4?97¡0?3 mm,
but their volume fraction remained at 0?51¡0?013.
During the second deformation, a substructure started
to form in ferrite grains at low strains and developed
throughout the microstructure with an increase in strain.
At a strain of 0?5 a large number of ferrite grains were
elongated along the shear deformation axis (Fig. 2a).
Fine equiaxed grains, though, were also observed in the
microstructure. At a strain of 1 the majority of the
microstructure was occupied by discrete fine and
equiaxed grains, although some elongated ferrite grains
with well defined substructure still existed in the
microstructure (Fig. 2b). The EBSD maps for the same
samples revealed, more precisely, the nature of grain
boundaries and the evolution of the final microstructure
from the substructure formed in the initial stages of
deformation (Fig. 2c and d).
The fraction of low angle boundaries started to
increase from the early stages of the second deformation
at a strain of 0?25 and developed further with an
increase in strain to 0?5 (depicted by the light lines in
Fig. 2). At a strain of 1 the formation of discrete grains
with high angle grain boundaries with similar size to the
subgrains was observed (Fig. 2). The microstructure
remained almost stable at a strain of 2. The dominance
of high angle grain boundaries was evident at this strain,
while some growth is also noticeable in respect to the
initial subgrain size. The evolution of the ferrite volume
1 Schematic illustration of thermomechanical process
used in test series a A, B, D1 and D2 and b C1 and C2
Table 1 Thermomechanical schedule applied by hot torsion
Test e1 t, s e2 e˙1 e˙2
A 2 40 Up to 2 1 1
B 1 5 Up to 2 1 1
C1 2 Non-isothermal Up to 2 1 1
C2 2 Non-isothermal Up to 2 1 1
D1 2 40 Up to 1 1 0.1
D2 2 40 Up to1 1 0.01
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fraction and grain size or high angle boundaries
spacings, quenched immediately at the end of the second
deformation (Table 2) and the current microstructures
indicate that the final microstructure has originated
from the substructure formed earlier in the initial grains.
In the second series of tests (i.e. test B) the first
deformation was interrupted at a strain of 1. The micro-
structure consisted of ferrite grains with an average
grain size of 1?87¡0?1 mm and a total volume fraction
of 0?27¡0?058. By holding the samples at the deforma-
tion temperature (i.e. 760uC) for 5 s, the ferrite grains
grew to 2?78¡0?18 mm. The volume fraction also
increased to 0?4¡0?03 in this test. Interestingly, in this
experiment, the average grain size remained constant
during the second deformation. A strain of 0?25 did not
noticeably change the average grain size but only
increased the ferrite volume fraction. Further increase
in strain did not affect the average grain size and, in fact,
the steady state grain size persisted for all second
deformations up to the strain of 2 (Fig. 3). However, the
ferrite volume fraction increased gradually and became
stable when approaching higher strains. There were
some coarse ferrite grains (i.e. larger than the average
grain size) in this microstructure and these elongated in
the shear deformation direction and showed the devel-
opment of substructure with low angle boundaries seen
for the previous series of tests (i.e. test A with 40 s
interdeformation delay).
Closer examination using the EBSD maps showed
that the substructure formation in test B was less
significant than in the previous test (Fig. 3). Instead, the
high angle grain boundaries were dominant at nearly all
strains. The presence of very fine grains was also
detected in this test, especially at higher strains. As
mentioned from the optical micrographs no observable
change in the shape and size of ferrite grains was
noticed.
The evolution of ferrite grain size and volume fraction
during the second deformation in test B is summarised
in Table 3. These results indicate that with a decrease in
2 a, b Microstructural evolution during second pass deformation in test A and c, d its corresponding EBSD maps: in
EBSD maps, bold lines represent high angle grain boundaries (.15u) while light lines are low angle grain boundaries
(.2u and ,15u)
Table 2 Variation of ferrite grain size and volume
fraction during second deformation in test A
e2, da, mm Va
0 4.97¡0.30 0.51¡0.01
0.25 4.38¡0.34 0.58¡0.05
0.5 3.77¡0.28 0.65¡0.02
1 3.18¡0.14 0.71¡0.06
2 2.94¡0.12 0.72¡0.02
Table 3 Variation of ferrite grain size and volume
fraction during second deformation in test B
e2 da, mm Va
0 2.78¡0.18 0.4¡0.03
0.25 2.73¡0.16 0.58¡0.04
0.5 2.86¡0.16 0.61¡0.03
1 2.72¡0.12 0.67¡0.05
2 2.48¡0.12 0.73¡0.03
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initial ferrite grain size, the second deformation is
accommodated by a mechanism different from the
previous tests and do not show a clear evolution from
a deformed state to a near equiaxed state.
Non-isothermal double pass deformation
In this series (test C) the behaviour of ferrite grains
formed during DSIT was examined after they were
cooled to lower temperatures. In test C1 the samples
received a strain of 2 at 780uC which led to a ferrite
volume fraction of 0?48¡0?05 through DSIT with a
grain size of 2?44¡0?14 mm. Most of the grains were
equiaxed in shape and close to the average size. By
cooling these samples to 740uC, the ferrite grains grew to
6?07¡0?44 mm while the volume fraction remained
almost unchanged at 0?44¡0?04. A strain of 0?5
triggered the formation of a substructure in the majority
of grains. However, some very fine equiaxed grains were
also formed along with the coarse deformed ferrite
(Fig. 4a). This was more clearly observed in the EBSD
maps where the low angle boundaries (substructure) and
high angle boundaries (actual grains) are shown
separately (Fig. 4c). With an increase in strain to 1,
extensive substructure developed while the population of
fine ferrite grains increased. At a strain of 2 the grains
with high angle boundaries had almost the same size as
the subgrains and the grain size variation was limited
(Fig. 4b and d). Elongated grains with substructure were
still observable in this microstructure.
A similar trend was seen in test C2 where the initial
ferrite volume fraction was provided by deformation to
a strain of 2 at 760uC. As mentioned earlier, the grain
size of ferrite formed in this process was 1?69¡0?08 mm,
while its volume fraction was 0?5¡0?03. By cooling this
sample to 740uC the ferrite grains grew to 4?59¡
0?28 mm, and the volume fraction of ferrite remained
almost constant at 0?48¡0?04.
Applying a strain of 0?5 at this stage initiated the
formation of substructure in the ferrite (Fig. 5a). These
grains were also elongated along the shear direction. As
in test C1, fine new grains were also formed in this
microstructure. With further deformation, up to a strain
of 1, the microstructure changed to a mixture of fine
discrete grains along with elongated grains comprising
substructure. The EBSD maps confirmed the gradual
formation of substructure in this test and the transfer to
high angle boundaries at higher strains (Fig. 5c).
While the development of substructure is clear in the
ferrite grains, it is seen that even at the highest strains
they remain present during these tests. The microstruc-
ture was almost the same when the deformation was
increased to the strain of 2 (Fig. 5b). The ferrite grains at
this point consisted of a mixture of equiaxed grains with
well defined high angle boundary grains and, as in the
previous test series, elongated ferrite grains with a
substructure network.
The evolution of ferrite grains during both tests C1
and C2 is given in Table 4. The similarities of the
microstructures in A, C1 and C2 indicate that ferrite
3 a, b Microstructure evolution during second pass deformation in test B and c, d its corresponding EBSD maps: in
EBSD maps, bold lines represent high angle grain boundaries (.15u) while light lines are low angle grain boundaries
(.2u and ,15u)
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grains coarser than a certain size (regardless of their
formation route), show a more noticeable sequence of
deformation, subgrain formation and transition to high
angle grain boundaries.
Isothermal double pass deformation at different
strain rates
In this series of experiments (test D), the second
deformation was performed at a lower strain rate than
the earlier experiments. Similar to the test series A, the
first deformation was interrupted at a strain of 2 which
produced a microstructure consisting of ferrite grains
with an average grain size of ,5 mm and a volume
fraction of ,0?5. By applying a second strain at a strain
rate of 0?1 s21 (test D1), the trend of formation of
substructures within the ferrite grains was almost the
same as in samples deformed at strain rate of 1 s21 (i.e.
test A), but at a slightly lower rate. At a strain of 0?25
the ferrite grains were slightly elongated in the deforma-
tion direction (Fig. 6a). A substructure started to form
in almost all of the ferrite grains, but some new fine
grains with high angle boundaries were also detected in
the microstructure. An increase in deformation to a
strain of 0?5 further extended the substructure in the
ferrite grains and more new fine grains with high angle
boundaries appeared in the microstructure. This devel-
opment of substructure was more clearly demonstrated
in the EBSD maps (Fig. 6c and d). Further deformation
to a strain of 1 increased the number of new fine grains
formed (Fig. 6b) and, thus, further reduced the average
grain size. The volume fraction, though, did not change
significantly.
Further decreasing the strain rate reduced even more
the rate of substructure development and its transition
to high angle boundaries. In similar tests (D2) when the
strain rate in the second deformation was reduced to
0?01 s21, with a strain of 0?25, substructure was hardly
detected in the ferrite grains (Fig. 7a). This was the case
even in an EBSD map of the same microstructure
(Fig. 7c). Instead, the grains were slightly elongated but
also much larger compared to their initial size. Similar to
the previous test the volume fraction also slightly
increased. An increase in the strain to 0?5 triggered the
formation of substructure in the ferrite grains. Fine
ferrite grains were also formed next to the elongated
grains. An increase in strain up to 1 (Fig. 7b) produced
more discrete fine grains with high angle boundaries and
further reduced the grain size. It is seen in Fig. 7b that
the substructure has a similar size to the grains so that
incomplete grain boundaries consisting of both low and
high angle boundaries coexist in the microstructure. The
4 a, b Microstructure evolution during second pass deformation in test C1 and c, d its corresponding EBSD maps: in
EBSD maps, bold lines represent high angle grain boundaries (.15u) while light lines are low angle grain boundaries
(.2u and ,15u)
Table 4 Evolution of ferrite grains during second
deformation in tests C1 and C2
e2
Test C1 Test C2
da, mm Va da, mm Va
0 6.07¡0.44 0.44¡0.04 4.59¡0.28 0.48¡0.04
0.5 4.23¡0.26 0.47¡0.26 3.41¡0.20 0.51¡0.03
1 3.79¡0.20 0.59¡0.04 2.99¡0.12 0.56¡0.03
2 2.80¡0.12 0.57¡0.04 2.87¡0.14 0.59¡0.03
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5 a, b Microstructure evolution during second pass deformation in test C2 and c, d its corresponding EBSD maps: in
EBSD maps, bold lines represent high angle grain boundaries (.15u) while light lines are low angle grain boundaries
(.2u and ,15u)
6 a, b Microstructure evolution during second pass deformation in test D1 and c, d its corresponding EBSD maps: in
EBSD maps, bold lines represent high angle grain boundaries (.15u) while light lines are low angle grain boundaries
(.2u and ,15u)
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volume fraction remained unchanged until the end of
the second deformation.
The ferrite grain sizes and volume fraction in these
two tests (i.e. D1 and D2) are given in Table 5. A similar
initial grain size to that in tests A, C1 and C2, before the
second deformation in these two latter tests brought
about a similar strain accommodation and substructure
formation in the grains. It appears that the strain rate
has just reduced the evolution rate in these tests
compared to the higher strain rate.
Discussion
While the conditions leading to DSIT are now clearly
understood, a number of particular mechanisms have
not yet been classified. One of these is how the ferrite
formed by DSIT maintains a near equiaxed morphology
during both its formation and subsequent deformation.
In previous studies, the traditional answer to this ques-
tion has been dynamic recrystallisation,9–11 but little
direct evidence has been produced to prove it. The most
systematic work to date12 suggested that grains formed
dynamically and were then retained by a cycle of
dynamic recrystallisation. However, even the present
work is rather limited in the range of conditions studied
and does not match other work where there is no
evidence of refinement during deformation. In this
discussion the authors try to examine this theory based
on the results described above.
The evolution of ferrite during the second deforma-
tion in the current tests showed that the grain size (as
defined here by the average distance between high angle
boundaries) reduces with deformation until it reaches a
nearly steady state at higher strains (Fig. 8). The grain
size at the steady state is similar for all the tests and,
therefore, is independent of the initial grain size for a
given strain rate. Importantly, when the initial grain
size is almost the same as the steady state size, it does
not change during deformation and is therefore
strain independent from the start of deformation. This
behaviour is similar to the constant grain size character-
istically observed for DSIT ferrite grains in the
literature.13
The results can be generally divided into two
categories based on their size relative to the initial
DSIT ferrite grains dDSIT formed during the first pass.
The first category comprises the results from tests A, C1,
C2, D1 and D2 where the initial microstructure before
the second deformation d0 has an average grain size at
least 2–3 times the size at the end of the DSIT process
7 a, b Microstructure evolution during second pass deformation in test D2 and c, d its corresponding EBSD maps: in
EBSD maps, bold lines represent high angle grain boundaries (.15u) while light lines are low angle grain boundaries
(.2u and ,15u)
Table 5 Evolution of ferrite grain size and volume
fraction in tests D1 and D2
e2
Test D1 Test D2
da, mm Va da, mm Va
0 4.97¡0.30 0.51¡0.01 4.97¡0.30 0.51¡0.01
0.25 4.38¡0.26 0.60¡0.03 5.44¡0.32 0.62¡0.01
0.5 4.18¡0.20 0.63¡0.03 4.41¡0.28 0.65¡0.03
1 3.11¡0.14 0.63¡0.03 3.51¡0.20 0.63¡0.02
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(i.e. d0.2dDSIT). During the second deformation, the
ferrite grain size in these experiments reduced gradually
with strain to ,1?5 times the grain size at the end of
the first pass and remained constant with further
deformation.
The second category includes the results of test B. In
these tests the initial ferrite grain size d0 is 1?5–2 times
their size at the end of the DSIT process (d0,2dDSIT).
During the second deformation, the grain size remained
constant and close to the same final size as in the
previous category.
Considering the results in the first category, it was
observed in the microstructures and EBSD maps that a
substructure forms in the ferrite grains from the earliest
stages of the second deformation. This is due to rapid
dynamic recovery which is generally expected as ferrite is
a high stacking fault energy phase. With an increase in
deformation the ferrite grains elongated in the direction
of strain and high angle boundaries were formed from
the previous substructure. The ferrite grain boundaries
also became serrated at certain points and there was
some evidence of new grain nucleation at higher strains
which might be taken as a sign of recrystallisation. These
microstructures demonstrated characteristics of ‘contin-
uous dynamic recrystallisation (CDRX)’.14
Different models have been proposed to describe the
formation of grains with high angle boundaries through
CDRX. The two most known models are ‘geometrical
recrystallisation’ proposed by McQueen15 and CDRX
through substructure rotation described by Gourdet.16
The model developed by Gourdet is based on an
increase in the misorientation of the initial cell structure
that leads to the formation of new high angle boundaries
from former low angle boundaries.17 In the current
results, the microstructures showed a similar trend to the
Gourdet model. In experiment A, a well defined
substructure formed early within the deformed ferrite
at lower strains (almost by a strain of 0?5) and went
toward completion with an increase in strain. At high
strains the same substructure turned into high angle
grain boundaries, so that at a strain of 2 a majority of
discrete grains with high angle boundaries were formed.
The rate of transition from low to high angle boundaries
appeared to be slower in the case of samples deformed at
lower temperatures (C1 and C2). This is observed in the
EBSD maps in Figs. 4d and 5d where a well defined
substructure is completed almost at a strain of 1 (in C1)
and even at the highest strain used in this experiment
(i.e. 2), many elongated grains having substructure, still
remained in the microstructure.
A feature occasionally seen in the current results,
which further confirms the gradual transition from low
angle to high boundaries, is the formation of incomplete
segments of high angle boundaries along the sub-
boundaries. The same features were reported earlier
for warm deformation of a ferritic interstitial free (IF)
steel18 and also in 7475 aluminium.19 These segments
normally started from a high angle boundary at one end
and extended into the substructure (Fig. 9). Also, the
formation of complete new grains can be detected in the
same areas. It is reasonable to assume that a higher
concentration of deformation occurs near the original
grain boundaries and, therefore, the substructure in this
region has a higher rate of dislocation absorption, which
makes it a more potent site to initiate the CDRX.
As in the lower temperature tests (tests C1 and C2), at
lower strain rates (tests D1 and D2) the rate of evolution
of CDRX was reduced. However, the final grain size
approached the value in the previous tests (i.e. A, C1 and
C2), although it tended to be slightly coarser with a
decrease in strain rate.
In the second group of results, where the initial grain
size before the second deformation was almost the same
as the DSIT grain size or d0 ,2dDSIT, no substructure
was seen during deformation. Rather, the grains pre-
served their equiaxed morphology and their high angle
boundaries. This is clearly reflected in the misorientation
distribution graphs where the population of high angle
grain boundaries remained stable at higher strains
(Fig. 10).
8 Evolution of ferrite grain size with deformation during
second pass
9 Segments of high angle boundaries and new grains
formed on sub-boundaries network
10 Misorientation distribution in test B at different
strains
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In the same microstructures, though, individual grains
coarser than the average grain size (i.e. d0.2dDSIT),
showed the formation of a substructure from the start of
deformation. This indicates that these coarser than
average grains also undergo a similar path as those in
the previous category (i.e. CDRX).
The stable microstructure in these results reflects the
fact that although the DSIT ferrite grains have grown
from their initial grain size (,2 times), they still show
the same character (steady microstructure during defor-
mation) as their DSIT parent grains. It can be concluded
that the mechanism responsible for maintaining the size
and shape in DSIT continues to operate despite the evolu-
tion of ferrite grains up to a certain size, i.e. ,2dDSIT.
The concept of a steady state grain size also occurs in
other microstructure evolution mechanisms. A study by
Yada et al.9 showed that a double pass rolling in
temperature zone close to Ar3 (similar to the current
tests) leads to a steady state ferrite microstructure. They
considered this as a result of dynamic or post-dynamic
recrystallisation. It was pointed out that the interpass
time between the two pass (which defines the initial grain
size before the second pass) has the most important
influence in determining whether ferrite grains remain
unchanged during the second pass or not. Other results
reported from warm deformation of IF steel18 also
showed a constant high angle boundary spacing for a
finer initial grain size in comparison to coarse ones. In
that study, it was shown that while the coarse initial
grain sizes developed a substructure and subdivided at
the earlier stages of deformation, the fine initial grain
size used a different type of rearrangement of the high
angle boundaries and preserved their initial grain size.
Nevertheless, the final minimum grain size achieved
from the coarse initial grain size was nearly the same as
that from the unvarying fine initial grain size. Despite
the studies of this issue, no clear evidence or explanation
of the rearrangement mechanism has been provided. The
collection of the current results and those reported in
literature support the fact that there is a critical grain
size below which the mechanism of evolution of fine
ferrite grains is different from the classic restoration
mechanisms, especially CDRX used in the first category
of the results.
In a more mechanistic approach, the steady state
microstructure is also common in similar mechanisms to
DSIT. For example in conventional discontinuous
dynamic recrystallisation of austenite and other fcc
materials, an equilibrium grain size Ds is formed after
which the microstructure remains constant.14 This
steady state has been explained using different models,
most of which are based on a repeated sequence of
nucleation and growth of fresh recrystallised grains.20
For instance, Derby and Ashby21 considered that during
the time taken for a recrystallising grain boundary to
sweep a volume of a grain of diameter Ds, on average
one nucleus per equivalent volume will be formed and
calculated the steady state grain size
D2S~KM=
:
eSS (1)
where M, the mobility of grain boundary and
:
eSS, the
steady state strain rate are the main variables determin-
ing the steady grain size.
Also, the concept of a steady state microstructure is
not even confined to the recrystallised grains with high
angle grain boundary. In aluminium, when deformed at
elevated temperatures, grains undergo subdivision and
form substructure with low angle boundaries. However,
after a moderate strain (i.e. 1), the subgrain size remains
constant during further deformation and demonstrates
a steady state regime which remains until very high
strains.22 The same is reported for similar materials
severely deformed at room temperature where the sub-
grain size in the first pass of deformation is maintained
during further deformation.23,24 These subgrains
increase their misorientation with further deformation
and eventually become high angle boundaries.
It is thought that such steady state subgrain structures
are the result of the subgrain boundaries being
constantly altered, formed and removed by the passage
of dislocations during deformation, and they have been
termed incidental dislocation boundaries.25 Applying
this argument to the case of steady state in high angle
boundary grains, it can be postulated that this state is
a dynamic process of regeneration of new boundaries
at about the same place (distance) as the previous
boundaries, rather than preserving the same old (sub)
boundaries. It has also been shown26 that grain sub-
division is very limited for a finer initial grain size and
the ultimate subdivision in coarse grains results in nearly
the same final size as that of the fine initial grain sizes.
This is in agreement with the results in Ref. 18 as well as
the first category in the current study.
Considering the above, it can be concluded that the
phenomenon of steady state in the microstructure is not
limited to a specific grain structure with a certain grain
boundary nature or misorientation. Also, it appears that
there is a value at which the grain size becomes strain
independent. Specifically in materials where recovery is
the dominant restoration process, this minimum coin-
cides with the minimum average subgrain size achiev-
able, normally defined by Z (Ref. 15). This is further
confirmed by comparing the final grain size in the two
categories of result in the current study. Note that the
fine initial grain size in previous work was much coarser
than the current study (for instance 25 mm in Ref. 18 in
comparison to 2–4 mm in the current results), it can also
be deduced that the minimum steady size is material as
well as deformation condition dependent.
Comparing the results in both categories in the
current study, it can be concluded that at a high Z
condition, there exists a critical grain size above which
ferrite will show a CDRX restoration behaviour while
below this size it demonstrates signs of local conven-
tional recrystallisation with little evidence of grain
subdivision. In substructures the subgrain boundary is
the closest distance that a dislocation formed during
deformation can travel to join a low energy configura-
tion (subgrain network). In the current conditions,
where a high angle boundary is this distance, no sign
of substructure formation can be detected.
In other words, a dynamic process of generation of
dislocation through deformation and their elimination
by the already existing high angle grain boundaries
occurs in these conditions. In the case of coarser grains
where subdivision occurs, after a steady state in
substructure is attained, the dislocations produced due
to deformation join this network and add to its
misorientation so that after a sufficient deformation is
applied the subgrains transform to complete high angle
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grains and continue the same path as the fine initial
grains.
The overall conclusion drawn from the current study
in regard to DSIT ferrite grains is that, given their small
enough size, DSIT ferrite will probably follow the same
path and use the same mechanism as that in the
described results to maintain their equiaxed steady
shape. This means that the recrystallisation in CDRX
form as has been cited in some studies27 might not be the
precise description of restoration in DSIT ferrite grains.
Conclusions
1. The grain subdivision and fragmentation of ferrite
grains can develop in grains larger than 2?5–3 times the
size of grains formed through DSIT and lead to CDRX.
This mechanism has not been observed in grains finer
than this size as the grain subdivision is very limited in
these grains.
2. In ferrite grains finer than 1?5–2 times the DSIT
ferrite, no sign of a dominant restoration mechanism is
clearly observed. Considering the fine microstructure, it
can reasonably be assumed that the deformation
dislocation formed in ferrite grains vanishes in the
already existing high angle grain boundaries rather than
forming new sub-boundary network within the grains.
In that case no sign of CDRX would be traceable in
these grains. Other potential mechanisms such as grain
boundary sliding or shearing mechanism to accommo-
date the deformation could not be proved based on the
current data.
3. The difference in the evolution of ferrite grains in
both categories of results in the present study was
confirmed by comparing the misorientation distribution
at different conditions. While in coarse ferrite grains a
gradual shift of misorientation population from low to
high angle misorientation is observed, in fine ferrite
grains, misorientation distribution hardly varies with
deformation.
4. The evolution of CDRX was slightly slowed with a
decrease in strain rate and temperature.
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